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Abstract—An iron-reducing bacterial strain was isolated from a paddy soil and identified as a member of the Aeromonas group by 16S
rRNA gene sequence analysis. When the cells were growing with dissolved Fe(III) as the electron acceptor in the presence of As(V),
Fe(II) minerals (siderite and vivianite) were formed and dissolved. As was removed efficiently from solution. When the cells were
growing with the Fe(III) hydroxide mineral (ferrihydrite) as the electron acceptor in the presence of As(V), ferrihydrite was reduced
and dissolved As(V) concentrations decreased sharply. The present study results demonstrated first that members of the Aeromonas
group can reduce Fe(III) in paddy soils and second that iron reduction does not necessarily lead to arsenic mobilization. However, As
immobilization can occur in environments that contain significant concentrations of counterions such as bicarbonate and phosphate.
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INTRODUCTION

Iron (Fe), one of the most abundant metals on Earth,
comprises nearly 5.6% of the Earth’s crust. Iron(II) can
function as an electron donor, and Fe(IIl) can function as a
terminal electron acceptor in anoxic environments. Thus, the
redox change between Fe(Il) and Fe(Ill) is an important
biogeochemical process in anoxic soils and sediments. How-
ever, earlier studies suggested that iron reduction was a result
of abiotic reactions, at least until dissimilatory iron reduction
was more clearly described [1]. Dissimilatory iron reduction is
considered to be an important process in which dissimilatory
iron-reducing bacteria can gain energy for growth by coupling
the oxidation of organic compounds or hydrogen to the
reduction of ferric iron oxides. This biochemical reaction has a
profound influence on the global biogeochemical cycling of
elements, including carbon (C), sulfur (S), nitrogen (N), and
phosphorus (P) in addition to heavy metals and arsenic (As)
[2-5].

Dissimilatory iron-reducing bacteria have been described in
various environments, including freshwater [6], marine sedi-
ments [7], natural wetlands [8], and contaminated aquifers
[9,10]. In paddy soils, however, little is known about the
microorganisms responsible for anaerobic iron respiration,
especially in calcareous paddy soils.

Paddy soil is intermediate between upland systems and true
aquatic systems whose alternation of flooding and drainage
causes periodically occurring redox reactions. After flooding,
oxygen is consumed by aerobic bacteria and chemical
oxidation reactions, and most regions of the soil become
anoxic. Alternative electron acceptors exist in the anoxic zone,
with Fe(III) concentration often exceeding that of others, such
as NO; and SOﬁ’, and therefore serving as an important
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electron acceptor. Weiss et al. [11] showed that the percentage
of poorly crystalline Fe(III) was correlated significantly with
the percentage of iron-reducing bacteria, which accounted for
12% of total bacteria cells in the rhizosphere of wetland plants.
Moreover, high levels of dissolved Fe(IlI) were observed in
paddy soils [12]. Therefore, dissolved and solid Fe(III) are
available in the rhizosphere for iron-reducing bacteria.

Arsenic is a toxic metalloid widely distributed in various
environments, most notably in groundwater in southeast Asia
[13]. Intensive use of As-contaminated groundwater for
irrigation can cause increasing levels of As in paddy soils
and As accumulation in rice grains [14,15]. Recent studies have
shown that As can be sequestered in iron plaques on the root
surfaces of rice plants [16-18]. The structure of the iron
plaques has been characterized as amorphous or crystalline
Fe(IIT) (oxy)hydroxides, which may be preferred substrates for
iron-reducing bacteria. It has been demonstrated that dissim-
ilatory iron reduction plays a key role in As release into waters
from shallow reducing aquifers and paddy soils by reducing
and dissolving Fe(II1) minerals [19-21]. Moreover, it has been
reported that iron-reducing bacteria colonized the root surface
[11]. However, the effect of microbial iron reduction occurring
in the rhizosphere on As mobility has not been completely
elucidated and understood. In particular, the fate of As under
conditions at which Fe(II) minerals are formed during Fe(III)
reduction is unclear.

Therefore, the goal of the present study was not only to
isolate and characterize an iron-reducing microorganism from
paddy soil but also to investigate interactions among iron-
reducing bacteria, dissolved and solid Fe(IIl), and arsenate.

MATERIALS AND METHODS

Soil samples

Soil samples were taken from the subsurface of a rice field
(Tongzhou District, Beijing, North China Plain, 39°49.411'N,
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116°36.912"E). When the soil was collected, it was placed into
polyvinylchloride bottles, submerged with water imitating field
conditions, and then transported back to the laboratory.

Culturing techniques and media

Standard anaerobic culturing techniques were used
throughout the experiments [22]. In the present study, an
anoxic carbonate-buffered (30 mmol/L) freshwater medium
was used that contained as the following components (per liter
of distilled water): NaCl, 1 g; MgCl,-6H,0, 0.4 g; CaCl,-
2H,0, 0.1 g; NH4Cl, 0.25 g; KH,POy, 0.2 g; KCI, 0.5 g. After
being autoclaved and cooled under an atmosphere of N,—CO,
(90:10, v/v), 30 ml of bicarbonate solution (1 M, autoclaved
under CO,), trace elements mixture (I ml), vitamin mixture
(1 ml), and a selenite-tungstate solution (1 ml) were added
[22]. To limit the growth of sulfate-reducing bacteria, sulfate
and sulfide were substituted by 100 umol/L cysteine as a sulfur
source. A Widdel flask was used for batch preparation of
anoxic medium and dispensation into culture bottles. All
incubations were carried out in serum bottles capped with
thick butyl rubber stoppers and aluminum caps. The same
mineral medium was utilized to test anaerobic growth.

Enrichment and isolation

For enrichment of iron-reducing bacteria, anoxic mineral
medium with 10 mmol/L sodium acetate was used as the
electron donor, and 30 mmol/L ferric citrate was used as the
electron acceptor. All enrichment cultures were inoculated
with 1% (v/v) soil slurry prepared in medium or in sterile
distilled water. For isolation of the pure strain, dilution series
were prepared. After several days, the highest dilution tube
was consecutively diluted and plated on an agar plate
containing the carbonate-buffered mineral medium with
10 mmol/L sodium acetate and 30 mmol/L ferric citrate.
Iron-reducing bacteria were purified by streaking on ferric-
iron-containing agar plates that were incubated in anoxic jars.
All preparations were performed inside an anoxic glove box.
Iron(I1I) reduction activity was recognized easily, because the
growth resulted in clearing zones around the colonies. Ferric
citrate was used as a basis for selection of the strain for further
investigation.

16S rRNA gene sequencing and phylogenetic analysis

Bacterial DNA was isolated from cell pellets of the
individual strain grown in the medium. DNA isolation was
performed using standard procedures [23]. The DNA was used
as a template for amplification of nearly the entire 16S rRNA
gene (~1,500 base pairs) with the bacteria-specific primers 27F
(5'-AGAGTTTGATCMTGGCTCAG-3’') and R1492 (5'-
TACGGYTACCTTGTTACGACTT-3"). The polymerase
chain reaction program was as follows: 95°C for 5 min and
then 32 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s, followed by a 10 min extension time at 72°C. The
amplification products were confirmed by agarose gel electro-
phoresis and sequenced (Sangon Biotechnology). The 16S
rRNA gene sequence of the strain has been deposited in
GenBank under the sequence accession number EU696781.
Phylogenetic analyses were performed with Molecular Evolu-
tionary Genetics Analysis (MEGAA4.0) software (Arizona State
University). Trees were reconstructed using the neighbor-
joining method. Robustness of derived groupings was tested by
the bootstrap method using 1,000 replications.
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Growth determination

Growth of the isolated strain on ferric citrate (3 mmol/L)
and acetate (5 mmol/L) was monitored by measuring the
increase in Fe(Il) and cell protein (see below). For growth
experiments, six bottles (36 ml) containing mineral medium
were incubated equally with 4 ml of a culture grown on ferric
citrate and incubated in the dark at 30°C. Three bottles were
used for measuring Fe(II); the others were used for determin-
ing the content of cell protein. There was a control with no
addition of ferric citrate.

Iron reduction experiments

Cells were grown in bicarbonate-buffered mineral medium
containing acetate (5 mmol/L) as the electron donor and ferric
citrate (3 mmol/L) or ferrihydrite (7.5 mmol/L) as the electron
acceptor. Ferrihydrite was prepared using FeCl; and NaOH
[24] and identified by X-ray diffraction (data not shown).
Sodium arsenate (150 pumol/L) and anthraquinone-2,6-disulfo-
nate (AQDS, 100 umol/L) were added from anoxic stock
solutions (4.5 mmol/L; 3 mmol/L). Anthraquinone-2,6-disul-
fonate is a functional analog for quinine moieties in humic
acids. It acts as an electron shuttle to overcome the need for
microbes to be in direct contact with Fe(III) oxides, potentially
accelerating the reduction of poorly soluble Fe(III) minerals
[24]. A 10% inoculum was used throughout, and cultures were
incubated in the dark at 30°C.

Transmission electron microscopy and scanning electron
microscopy of the precipitates

Samples (2 ml) of the cultures were fixed with glutaralde-
hyde (2.5%) for 4 h at 4°C [25]. Cell suspensions were
centrifuged (3,381 g) for 5 min. The supernatant was discard-
ed, and the pellet was washed three times in phosphate buffer
(0.1 M, pH 7.4) and progressively dehydrated with solutions
containing 30, 50, 70, 85, 95, and 100% ethanol in water. The
washed suspension (5 pl) was transferred via a pipette onto a
copper net, and a transmission electron microscope (H-7500,
Hitachi) was used to image the cells. The same suspension was
mounted onto a copper sample holder and coated with gold
for scanning electron microscopy (S-3000N, Hitachi). An
energy-dispersive spectroscopy system (EDAX Genesis) was
used to determine the major elements present in the
biominerals.

X-ray diffraction of the precipitates

X-ray diffraction was used to identify the precipitates that
had been formed in the iron reduction experiments. The settled
mineral residue was removed from the reduction experiments
and dried under anoxic conditions. The dried solid was
smeared on a glass slide and ground into fine slurry with the
addition of a few drops of amyl acetate. The sample was then
analyzed using a D/max 2500 diffractometer with Cu Ko
radiation (Rigaku). Slides were kept under an anoxic
atmosphere until further analysis.

Analytical techniques

Gram test was performed by Gram’s method. Light
microscopy images were taken using an AxioVison microscope
(Carl Zeiss,) and an oil immersion objective lens [25]. Protein
was quantified using the Bio-Rad Protein Assay with bovine
serum albumin as a standard [26]. Iron minerals were removed
by HCI (6 M) before cell protein determination. Iron(Il) was
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monitored over time by the colorimetric reagent 1,10-
phenanthroline [27]. Approximately 1 ml of sample was
collected from growing cultures and acidified for 15 min with
0.5M HCI prior to iron and As analysis. Arsenic was
measured from 0.5 ml aliquots after filtrating samples with a
0.22-um filter by atomic fluorescence spectrometry (AFS-
2202E, Beijing Haiguang Co.) [17]. Samples (1 ml) for
quantification of dissolved and total As were removed from
bottles in an anoxic cabinet. One aliquot (0.5 ml) for
determination of As(III) and As(V) in solution was passed
through a 0.22-um filter prior to analysis by high-performance
liquid chromatography inductively coupled plasma mass
spectrometry (HPLC-ICP-MS) [28]. The other aliquot
(0.5 ml) for total As(III) and As(V) was acidified with 0.5 M
HCI for 15 min to dissolve the iron minerals, then analyzed by
HPLC-ICP-MS.

Data analysis

All data were subjected to ANOVA using SPSS® 13.0 for
Windows.

RESULTS
Enrichment and isolation

Iron(III) reduction occurred in the enrichment culture
containing dissolved Fe(IIl) citrate. This was indicated by a
change in the medium color from brownish gray to green due
to the production of Fe(II). After complete Fe(I11) reduction, a
whitish precipitate was observed, probably consisting of
ferrous carbonate (siderite) and ferrous phosphate (vivianite).

After several transfers, an aliquot of the highest dilution
culture was transferred onto an agar plate. Uniform colonies
were red, domed, entire, smooth, and wet, and cell morphol-
ogy was obtained. Cells of single colonies were Gram-negative,
single, straight rods. The cell size ranged from 2.3 to 2.5 ym in
length by 0.3 to 0.5 um in width (Fig. 1). The pure culture was
isolated and preserved in liquid mineral medium with acetate
and ferric citrate. The iron reducer was designated as strain BJ.

16S rRNA gene sequencing and phylogenetic analysis

The sequence of the 16S rRNA gene was compared with
those of reference organisms obtained from GenBank. The
result revealed that the isolated strain BJ is a member of the
Aeromonas subphylum of Gram-negative bacteria (Fig. 2). The
16S rRNA gene of Aeromonas hydrophila had the highest
similarity (99%) with that of strain BJ.

Growth determination

Significant cell growth and Fe(IlI) reduction were noted
over 7 d (Fig. 3A). Protein content in BJ cultures increased
significantly by the addition of Fe(III) citrate as an electron
acceptor to the growth medium. There was a significant
correlation between protein content and Fe(II) concentration
(Fig. 3B). In addition, little or no growth was observed in
control cultures in the absence of ferric citrate throughout the
period (Fig. 3A). The maximum amounts of Fe(Il) and cell
protein were obtained on the fourth day. Approximately 60%
of Fe(Ill) was reduced during this time period.

Interactions between As with biogenic Fe(Il)

The experiments focused on actively growing cultures
inoculated into medium containing 3 mmol/L ferric citrate or
7.5 mmol/L ferrihydrite as the electron acceptor and supple-
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Fig. 1. (A) Light microscopy image of strain BJ cells at the beginning
of reduction of Fe(IIl) citrate. The isolated Aermononas strain was
designated as strain BJ. Scale bar, 1 um. (B) Transmission electron
microscopy images of BJ cells reducing ferric citrate. Sample was taken
at the end of the reduction. Scale bar, 1 pm.

mented with 150 umol/L As(V). In the presence of 150 umol/L
As(V), strain BJ reduced 1.59 = 0.23 mmol/L Fe(III) within
7 d. After addition of AQDS, 2.66 = 0.08 mmol/L Fe(II) was
produced by strain BJ within 7 d (Fig. 4A). Microbial Fe(III)
reduction was increased significantly by AQDS (p < 0.05)
(Fig. 4A). Arsenic concentration in solution did not change
within the first 2 d; however, it sharply decreased from
150 umol/L to 16.16 = 6.75 umol/L on the third day (Fig. 4B).
At the end of the experiments (8 d), approximately 90% of the
dissolved As(V) was removed from the medium with the
precipitate in the presence and absence of AQDS. There were
no differences in dissolved As concentrations between the two
treatments with and without AQDS. Arsenic(V) reduction was
found in the experiment on the second day (Fig. ).
Arsenic(III) concentration in solution increased, whereas total
As(IIT) concentration did not change after the third day
(Fig. 5).

Compared with ferric citrate, ferrihydrite was reduced more
slowly by strain BJ (p < 0.05) (ANOVA results not shown).
The rate and the extent of bacterial Fe(III) reduction were
significantly increased by AQDS (p < 0.05) (Fig. 6A). No
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Fig. 2. Phylogenetic tree inferred from 16S rDNA sequences. The length of the bar represents one evolutionary distance unit.

reduction of Fe(IIl) was found in the absence of acetate.
Arsenic concentration decreased from 150 to 25 umol/L
directly after the addition of ferrihydrite, suggesting significant
sorption of As to the ferrihydrite (Fig. 6B), whereas 3 pmol/L
and not more than 1 umol/L As were detected in abiotic and
biotic treatments at the end of incubation.

2.0 12
A .
10
1.5 A
= 8
g 3
E g
E 1.0 | —e— Control (Fe) F 6%
@ —0— BJ (Fe) Q
3 —=— Control(protein) 32
E —o— BJ{protein) 4
0.5
F2
0.0 0
1 2 3 4 5 3] 7
Time {d)
12
B
10 -
_—— 8 7
E
e
£ 87
8
= y=86.1674 x +1.2908
Ty #=0.8597
p=0003
2 -
0 T T
0.0 053 1.0 15 2.0

Ferrous iran {mmol/L}

Fig. 3. (A) Growth of strain BJ in mineral medium with 3 mmol/L
ferric citrate and 5 mmol/L acetate as the electron donor. The isolated
Aermononas strain was designated as strain BJ. Growth was monitored
by increase of Fe(II) and cell protein. Data are means of triplicates;
error bars represent standard error. Iron(II) concentration (O) and cell
protein content ([J) in cultures; iron(II) concentration (@) and cell
protein content (M) in cultures in the absence of ferric citrate. (B) The
relationship between Fe(Il) concentration and cell protein content.

Identification of the mineral precipitates

Transmission electron microscopy showed that strain BJ
was surrounded by extracellular mineral precipitates (Fig. 1B)
at the end of reduction of ferric citrate. Energy-dispersive
spectroscopy analysis of the precipitates (Fig. 7) indicated that
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Fig. 4. (A) Growth of strain BJ in mineral medium with 3 mmol/L
ferric citrate and 5 mmol/L acetate as the electron donor and
supplemented with 150 pumol/L As(V) and 100 umol/L anthraqui-
none-2,6-disulfonic acid (AQDS). The isolated Aermononas strain was
designated as strain BJ. Data are means of triplicates; error bars
represent standard error. (B) Effect of Fe(Ill) reduction on As
immobilization in cultures.
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reduction.

the mineral was dominated by Fe minerals and high As
contents. The As:Fe ratio in the precipitate was 1:13 (atom %)
calculated based on energy-dispersive spectroscopy results
(Fig. 7). X-ray diffraction analysis of the precipitate (Fig. 8)
identified siderite and vivianite as the predominant minerals.

DISCUSSION

Plant root exudates and plant debris can release organic
acids (e.g., citrate) that are known to chelate Fe(IIl). In
comparison with dissolved Fe(IIl), iron plaque is composed
primarily of ferrihydrite [29]. In addition, Liu et al. [18]
demonstrated that As(V) predominated over As(IIl) in iron
plaque. Therefore, in the present study, ferric citrate and
ferrihydrite were used as iron sources for iron-reducing
bacteria in the presence of As(V) to investigate the effect of
microbial iron reduction on As mobility.

Arsenic mobilization by microbial reduction of Fe(III)
minerals was implicated in previous studies [19,20,30].
However, in the experiments, alongside the production of
Fe(II), a precipitate was formed in the culture containing ferric
citrate, and As was removed from aqueous phase (Fig. 4B).
During ferrihydrite reduction by strain BJ and in abiotic
setups with ferrihydrite, As concentrations decreased sharply
(Fig. 6). There was no significant difference (p > 0.05)
between abiotic and biotic treatments. These results suggest
first that aqueous As strongly binds to ferrihydrite, second that
As can be removed by secondary Fe(II) phases, and third that
reduction of As(V)-bearing Fe(IIl) oxides alone is not
sufficient to mobilize As [31]. Although recent studies
suggested that reductive processes indeed lead to As release
to the aqueous phase over long periods of time [32], it is
possible to control the reaction time and treatment systems as
a means to maintain effective As retention.

In the present study, As(III) was detected in growing
cultures of strain BJ containing 30 mmol/L Fe(IIl) citrate as
the electron acceptor and supplemented with 150 umol/L
As(V). However, direct As(V) reduction by strain BJ was not
found in an additional experiment that was conducted to
determine whether strain BJ was able to couple anaerobic
growth to the reduction of As(V) (data not shown). Thus,
these results suggest that As(V) may be reduced abiotically by
Fe(Il) formed by strain BJ [33] or through As detoxification
mechanisms in this organism [34]. The total As(III) in the
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Fig. 6. (A) Growth of strain BJ in mineral medium with 7.5 mmol/L
ferrihydrite and 5 mmol/L acetate as the electron donor and
supplemented with 150 pmol/L As(V) and 100 pmol/L anthraqui-
none-2,6-disulfonic acid (AQDS). The isolated Aermononas strain was
designated as strain BJ. Data are means of triplicates; error bars
represent standard error. (B) Effect of Fe(Ill) reduction on As
immobilization in cultures.

system did not significantly change; however, As(IIT) concen-
trations in solution showed a slightly increasing trend,
indicating that As(V) reduction to As(IIl) favors As desorp-
tion from iron (hydr)oxides [35].

Some studies have shown that AQDS, a functional analog
for quinone moieties in humic substances, can transfer
electrons between microorganisms and iron minerals [36,37].
Thus, it can enhance the reduction of Fe(III) and the reductive
dissolution of iron minerals [38]. In the present study, Fe(II)
was produced at higher rates and to a larger extent in the
presence of AQDS rather than in its absence, potentially
leading to more stable minerals or even more crystalline iron
minerals. Bacterial reduction of ferrihydrite to more crystalline
minerals likely would lead to a significant decrease in the
mineral surface area, potentially increasing As desorption [39].
Humic substances are widespread in upland and paddy soils
[40], and iron oxyhydroxides are ubiquitously reactive
constituents in subsurface environments, which are the
preferred substrates for iron-reducing bacteria. Therefore,
iron reduction via humic substances could be a possible way to
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Fig. 7. Scanning electron micrograph and energy-dispersive spectroscopy analysis of mineral precipitates formed during reduction of ferric citrate by

strain BJ. The arrows indicate the cells.

remove aqueous As from contaminated soils and thus reduce
the potential risk for humans.

Aeromonas have been regarded as opportunistic pathogens
of both animals and human, and their role in public health is
well documented [41,42]. However, little attention has been
paid to the physiology and ecology of this group. The present
study suggests that strain BJ belonging to the Aeromonas
genus can carry out anaerobic respiration with Fe(III). In a
study by Knight and Blakemore [43], cell growth coupled to
Fe(III) reduction by A4. hydrophila was demonstrated, and no
growth was observed in the absence of Fe(Ill). In their study,
A. hydrophila showed poor Fe(I1I) reduction in the presence of
amorphous Fe(IIT) oxyhydroxides. Neither anaerobic respira-
tion nor Fe(IIl) reduction had been reported for members of
the Aeromonas group isolated from paddy soil thus far. Other
Fe(I1I)-reducing Aeromonas bacteria have been isolated from
river sediments and heavy-metal-contaminated sites [43,44].

Therefore, the present study suggests that Aeromonas species
also may be an important group of Fe(III)-reducing microor-
ganisms along with Geobacter and Shewanella species.

Taking into account that strain BJ has been isolated from
paddy soil, its predominant metabolism has yet to be
investigated. Similarly, it remains to be determined whether
this isolated iron reducer represents a member of the
predominant populations of iron reducers in rice paddy soil.
In addition, the role of strain BJ as an iron reducer in rice
paddy soil has to be further studied in the future.

CONCLUSIONS

A member of the Aeromonas genus was isolated from paddy
soils. Results of the present study showed that the isolated
bacterium can carry out anaerobic respiration with dissolved
and solid-phase Fe(III) in the presence of As(V), leading to the
formation of Fe(II)-bearing minerals that strongly sorb As(V).



Arsenic binding to Fe(II) minerals

2500

2000

1500 - a

Intensity (cps)

1000 < o

500

0 : : : . . : .
0 10 20 30 40 50 60 70 80
2 Theta ()

Fig. 8. X-ray diffraction analysis of the mineral precipitate formed by
reduction of Fe(I1l) citrate by the isolated Aermononas strain. Symbols
indicate vivianite (O) and siderite ([J). cps = counts per second.

When the cells were growing with ferrihydrite in the presence
of As(V), dissolved As concentrations decreased sharply.
Moreover, our results indicated that AQDS could accelerate
iron reduction by the isolated Fe(Ill)-reducing bacterium in
the presence of As(V).
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